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ULTRAVIOLET PHOTOGRAPHY AND SPECTROSCOPY 
USING A SPECTRALLY SELECTIVE IMAGE CONVERTER 
bY 
L. Dunkelman+*and J. P. Henries+ 
'Goddard Space F l i g h t  Center  
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Greenbel t ,  Maryland 
I n s t i t u t e  f o r  Defense Analyses 
Ar l ing ton ,  V i r g i n i a  
* 
ABSTRACT 
Laboratory and space research have both  b e n e f i t e d  from t h e  
new s p e c t r a l l y  s e l e c t i v e  u l t r a v i o l e t  pho tode tec to r s .  Large 
band-gap pho toemi t t e r s ,  such as cesium te l lur ide ,  having high 
quantum e f f i c i e n c i e s  i n  t h e  u l t r a v i o l e t  and very low y i e l d s  a t  
longe r  wavelengths are now a v a i l a b l e .  An image tube  w i t h  such 
a ca thode  combines t h e  advantages of s p e c t r a l l y  s e l e c t i v e  photo- 
emission w i t h  t h e  f l u x - i n t e g r a t i n g  p rope r ty  of photographic  
emulsion. Observat ions can t h u s  be made a t  selected u l t r a v i o l e t  
wavelength r e g i o n s ,  e i t h e r  photographica l ly  o r  v i s u a l l y ,  even 
i n  the  presence  of s t r o n g  long  wavelength backgrounds. Visua l  
measurements w i t h  a Cs-Te image c o n v e r t e r ,  having a s a p p h i r e  
f a c e p l a t e  and a green phosphor, were made w i t h  t h e  fo l lowing  
r e s u l t s :  ( a )  cathode quantum e f f i c i e n c y  a t  2537 A is 0.016, which 
is expec ted  t o  improve i n  f u t u r e  t u b e s ;  (b )  minimal detectable 
conver ted  2537 A i r r a d i a n c e  is 4 x l om5  e r g s  c m  
tube  background is undetec tab le .  Mercury s p e c t r a  ob ta ined  w i t h  
t h i s  t ube  demonstrate the expected high rejection of v i s i b l e  l i g h t .  
Tables  are inc luded  which list t h e  b r i g h t n e s s e s  of s e v e r a l  
extended u l t r a v i o l e t  and v i s i b l e  sources of i n t e r e s t  i n  t h e  space  
s c i e n c e s .  The luminance of v i s i b l e  s o u r c e s ;  t h e  r a d i a n c e  of 
u l t r a v i o l e t  s o u r c e s ;  and t h e  r e l a t i v e  b r i g h t n e s s ,  on a photon 
basis,  of s p e c t r a l l y  converted u l t r a v i o l e t  sou rces  a long  w i t h  
-2 -1 sec ; and ( c )  
v i s i b l e  sources are t a b u l a t e d .  '&  
c 
There i s  a con t inu ing  need i n  spec t roscopy  a-nd 
photography, i n  both  l a b o r a t o r y  aiid space  r e s e a r c h ,  ?“or 
s p e c  t r a1 1 y s e 1 e c t i v  e u 1 t r av i o 1 et p k o t 0 da t e c t i 0 il t i? c h n i c; u e  s . 
Phot  omul t i p  1 i er de t e c t o r  s c on t ;L i i?. i 112 1 ai- 2 e L a  ii d -g 2~p phot  0 - 
e m i t t i n g  cathodes now e x i s t  which e f f e c t i v e l y  d i sc i - i -  
minate  a g a i n s t  l ong  waveleiigths . 
such a cathode can coxbine t h z  advantages of spcc-Lr.’ally 
s e l e c t i v e  photoemission w i t h  e i t he r  the f l u x - i n t e g r a t i n g  
p rope r ty  of photographic  emulsion o r  t h e  s y n t h e s i z i n z  
a b i l i t y  of a human obse rve r .  Th i s  paper i n c l u d e s  a b r i e f  
d i scuss ion  of some of t h e  c o n s i d e r a t i o n s  t o  bz giveii t o  
t h e  choice  of window and photocathode materials,  e x t e n t  
of image i n t e n s i f i c a t i o n ,  e t c  . i n  conve r t e r  des ign .  
Typ ica l  examples a re  given of t h e  l i i n d s  of extended -LN 
s o u r c e s  of a s t r o p h y s i c a l  o r  geophysical  o r i g i n  which ai1 
a s t r o n a u t  might observe and photograph i n  v a r i o u s  u l t r a -  
v i o l e t  r eg ions .  
Ax i xzgz  LL;:’x v!ith (1) ( 2 )  
IMAGE TUBE CONSIDERATIONS 
McGe e ( 3 )  and Morton(4) have recen-ciy provided 
e x c e l l e n t  surveys  of image ’iubc developnent ; accoi-dingly,  
he re  w e  w i l l  i n c l u d e  d i s c u s s i o a s  of only those  image tube  
parameters  unique t o  u l t rav io le -L d e t e c t i o n .  
t h e  photocathodes used f o r  u l t r a v i o l e t  pho todz tec t ion .  These 
emissive materials have been used i n  photo tubes  with 
a p p r o p r i a t e  u l t r a v i o l e t  t r a n s m i t t i n g  f a c e p l a t e s  such  as L i F ,  
CaF2, s a p p h i r e ,  f u s e d  s i l i c a ,  e t c .  
photoemi t te r  is s e n s i t i v e  t o  visible l i g h t  and is f r e q u e n t l y  
no t  u s e f u l  as an  u l t r a v i o l e t  d e t e c t o r  because of the 
presence of long  wavelength s x a y l i g h t  . The s p e c - c Y a i l y  
s e l e c t i v e  ca thodes  Cs-Te and Cs-I are bo th  r e l z -c ive iy  i n -  
s e n s i t i v e  t o  longe r  wavelengths and make excellec-c w 
Figure 1 shows s p e c t r a l  response cui’ves of some of 
The cocven t ioaz l  Cs-Sb 
, .  
& 
detectors. Metal photocathodes,  such as tungs t en ,  are 
i n s e n s i t i v e  i n  t h e  v i s i b l e  and  have low y i e l d  i n  t h e  m i d d l e  
u l t r a v i o l e t  ( 3 0 0 0 - 2 0 0 0 A ) ,  b u t  reach about  10% quantum y i e l d  
a t  1000A. 
Eastman 103a-0 spec t roscop ic  f i l m  adapted from t h e  Kodak 
handbook. ( 5 )  The response  curves show t h a t  i f  a weak u l t r a -  
v i o l e t  sou rce  m u s t  be observed i n  t h e  presence  of a s t r o n g  
v i s i b l e  background, t hen  one must employ e i ther  s p e c t r a l  
f i l t e r i n g  or one of t h e  s p e c t r a l l y  s e l e c t i v e  cathodes, and 
o c c a s i o n a l l y  both.  
F igu re  2 shows a v a r i e t y  of a v a i l a b l e  u l t r a v i o l e t  
t r a n s m i t t i n g  windows whose s h o r t  wavelength c u t o f f s  range  
from X X 1 0 5 0 A  ( l i t h i u m  f l u o r i d e )  t o  A X 3 0 0 0 A  (Corning 0-54, 
g l a s s ) .  I n  g e n e r a l ,  these windows may be employed as t h e  
a c t u a l  image tube  f a c e p l a t e .  However, i n  p r a c t i c e  it is 
u s u a l l y  easier t o  employ as t h e  f a c e p l a t e  e i ther  an  
a l k a l i  h a l i d e ,  s a p p h i r e ,  fused s i l i c a  or vycor material 
and provide  for a d d i t i o n a l  s h o r t  wavelength c u t o f f s  by 
u s i n g  e i ther  t h e  appropr i a t e  m a t e r i a l  shown i n  F igure  2 
or some other c r y s t a l ,  g l a s s ,  g a s  c e l l ,  p r e d i s p e r s e r ,  etc.  
as d e s i r e d  by t h e  u s e r .  
A l s o  shown is t h e  r e l a t i v e  quantum y i e l d  of 
I n  t h i s  paper ,  w e  r e p o r t  on an ITT u l t r a v i o l e t  image 
tube  w i t h  a ces ium-te l lur ide  cathode and a s a p p h i r e  face- 
p l a t e .  However, i n  F igure  3 there i s  shown a few of many 
other  combic,-:ions which are p r a c t i c a b l e  , t h e  s p e c t r a l  
s e n s i t i v i t y  curves  being formed by combining t h e  cathodes 
of F igu re  1 w i t h  t h e  windows of F igu re  2.  Note t h e  
r e l a t i v e l y  narrow s p e c t r a l  response of C s - I  w i t h  s a p p h i r e  
window; t h i s  r e g i o n  of AX1400 t o  2 0 0 0 A  might be of i n t e r e s t  
i n  t he  s tudy  of t h e  Schumann-Runge O2 bands i n  t h e  upper 
atmosphere. Note a l s o  t h e  K-Br cathode w i t h  L iF  window 
y i e l d i n g  a response from AX1050 t o  1 5 C O A  for observ ing ,  f o r  
example, stella:. or nebular  f l u x e s .  I n  many cases one 
- 3 -  
would 'surely wish t o  exclude t h e  s t r o n g  Lyman a hydrogen 
e m i s s i o n '  3n' ' t h e  -upper atmosphere ; here one could  employ 
a CaF2 'window or f i l t e r .  
Figure 4 i n d i c a t e s  three of many types  of imaging 
s y s t e m s ;  Thb t o p  ske tch ,  f o r  example, shows a s y s t e m  
which'might be used by an a s t r o n a u t  for making both photo- 
graphic  and v i s u a l  surveys of geophysical  or as t ronomica l  
objects such as a i rg low,  n e b u l o s i t i e s ,  s t e l l a r  and p l a n e t a r y  
sou rces  , ear th  albedo , e tc .  (6)-(11) I n  t h i s  c a s e ,  t h e  
image tube acts as a s p e c t r a l  f i l t e r  and a wavelength 
conver te r .  Conventional photographic  f i l m  would be used 
rather than f r a g i l e  u l t r a v i o l e t  s e n s i t i v e  s p e c t r o s c o p i c  
f i l m s .  The middle  s k e t c h  demonstrates an o b j e c t i v e  g r a t i n g  
spec t rograph  t o  observe and o b t a i n ,  for example, s t e l l a r  
or  p l ane ta ry  s p e c t r a ;  whereas t h e  bottom ske tch  would be a 
u s e f u l  scheme for observing a s p e c t r a l  energy d i s t r i b u t i o n  
of a i r g l o w ,  n e b u l o s i t i e s  and au ro rae .  Since so  l i t t l e  
is known of t h e  dynamic p r o p e r t i e s  of u l t r a v i o l e t  a u r o r a e ,  
a movie camera might be s u b s t i t u t e d  f o r  t h e  s t i l l  camera 
depending on whether one were i n t e r e s t e d  i n  maximizing t h e  
obse rva t ions  of s p a t i a l  or s p e c t r a l  d i s t r i b u t i o n s .  Add i t iona l  
d i scuss ion  on t h e  expected r a d i a n c e s  of c e l e s t i a l  o b j e c t s  
is given i n  a l a t e r  s e c t i o n .  
The s p e c t r a l  s e l e c t i v i t y  of an u l t r a v i o l e t  image tube  
having a cesium t e l l u r i d e  photocathode,  is demonstrated 
by the  photographs i n  F igure  5. A tube  manufactured by 
t h e  ITT I n d u s t r i a l  Labora to r i e s  i n  F o r t  Wayne, Ind iana  
has been compared w i t h  a s t anda rd  7404 image tube  w i t h  an 
S-13 cathode. Both are e l e c t r o s t a t i c ,  monovoltage t u b e s  
w i t h  i d e n t i c a l  imaging s t r u c t u r e s .  The tubes  were used t o  
photograph a mercury arc spectrum i n  an arrangement s i m i l a r  
t o  t h a t  i l l u s t r a t e d  i n  Figure 4 (bottom). The photographs 
show t h a t  a l though both tubes  are equa l ly  s e n s i t i v e  t o  
b 
- 4 -  
I u l t r a v i o l e t  l i g h t ,  t h e  Cs-Te u l t r a v i o l e t  tube  is not  
a f f e c t e d  a t  a l l  by v i s i b l e  l i n e s  or s t r a y  l i g h t .  
o p t i c a l  b inocu la r s  and t h e  image tubes  desc r ibed  i n  
t h i s  paper .  The upper r i g h t  hand co rne r  shows a p a i r  
of i n f r a r e d  b inocu la r s  which use  s t a n d a r d  i n f r a r e d  image 
t u b e s  w i t h  cesium-silver-oxygen photocathodes. The image 
t u b e s  shown are from l e f t  t o  r i g h t  an RCA 7404 (Cs-Sb 
cathode w i t h  vycor window); an ITT W tube  (Cs-Te cathode 
w i t h  s apph i re  window); and an RCA far-W tube  (Cs-I cathode 
w i t h  L iF  window). The image tube  b inocu la r  , shown on 
t h e  l e f t  w i t h  o c u l a r s  and rubber s h i e l d s  removed, is 
equipped w i t h  quartz-CaF2 doublet  o b j e c t i v e  l e n s e s  w i t h  
a 10 .8  c m  f o c a l  l e n g t h  shown i n  t h e  detached barrels.  
The image t u b e s ,  housed i n  t h e  c e n t r a l  c y l i n d e r s  of t h e  
main body of t h e  b inocu la r ,  a r e  powered by a 1 2  k i l o v o l t  
min ia tu re  power supply.  Monoculars ra ther  than  b i n o c u l a r s  
would be used i n  manned space obse rva t ions  s i n c e  e x t r a -  
terrestr ia l  obse rva t ions  would not  apprec i ab ly  b e n e f i t  
by double v i s i o n ,  c e r t a i n l y  s t e r e o p s i s  is not  involved 
here. Future  developments of u l t r a v i o l e t  image t u b e s  can  
i n c l u d e  b e t t e r  c o l l e c t i o n  o p t i c s  and more s o p h i s t i c a t e d  
f e a t u r e s  such as mul t i - s tage  image i n t e n s i f i c a t i o n ,  magnetic 
f o c u s s i n g ,  s imultaneous e l e c t r c n i c  r e a d o u t ,  c o l o r  t r a n s -  
l a t i o n ,  e tc ,  One or more a d d i t i o n a l  s t a g e s  of image 
i n t e n s i f i c a t i o n  (over t h e  usual  30 or 40 ga in  i n  these  
s i n g l e  s t a g e  tubes)  w i l l  be necessary i n  t h e  cases of some 
of the i n t e r e s t i n g  dim phenomena d i scussed  i n  t h e  next  
s e c t i o n .  
F igure  6 is a photograph of a d i s p l a y  of e l e c t r o -  
I 
The quantum e f f i c i e n c y  of t h e  photocathode of t h e  
Cs-Te tube  r e p o r t e d  here is 0.016. I n  1958, when t h e  
f irst  rlibidium or cesium t e l l u r i d e  p h o t o m u l t i p l i e r s  were 
assembled the  quantum e f f i c i e n c i e s  w e r e  even lower. 
- 5 -  
Cur ren t ly  produced W p h o t o m u l t i p l i e r s  have y i e l d s  of 
0.05 or better and i t  is expected t h a t  t h i s  w i l l  be 
achieved w i t h  t h e  image conve r t e r s .  Using our  p r e s e n t  
t ube ,  which has a green phosphor, as a conve r t e r  w e  
found t h a t  t h e  minimal 25378 i r r a d i a n c e  detectable by 
t h e  eye was 4 x l o m 5  e r g s  c m  sec . With t h e  f / 5  
o b j e c t i v e  t h e  minimal detectable 25378 r a d i a n c e  of an 
extended source  w a s  0.01 e r g  cm-2 sec ster-l. With t h i s  
t u b e ,  t he  non- i r r ad ia t ed  p o r t i o n  of t h e  phosphor ( t h e  
background) w a s  black. This  is what would be expec ted  
f r o m  l a r g e  band-gap photoemitters which have n e g l i g i b l e  
thermionic  emission. 
-2 -1 
-1 
THE ULTRAVIOLET SCENE FROM SPACE 
With r e f e r e n c e  t o  Table I ,  one can no te  t h e  l a r g e  
v a r i e t y  and i n t e n s i t y  range of extended (rather than  p o i n t )  
sou rce  celest ia l  objects of i n t e r e s t .  These can be 
observed only  from a vantage p o i n t  above t h e  ozonosphere 
(which absorbs t h e  e n t i r e  middle  u l t r a v i o l e t  12000-3000A) ; 
or bet ter  s t i l l ,  a t  or above manned space a l t i t u d e s  (160 
Km or more) t o  minimize abso rp t ion  by oxygen. The table 
is d iv ided  i n t o  3 s e c t i o n s ,  t h e  first relates t o  phenomena 
i n  t h e  v i s i b l e  r e g i o n  and is in tended  t o  provide  (1) a 
convenient r e f e r e n c e  t o  objects f a i r l y  w e l l  known and whose 
obse rva t ions  are w i t h i n  our normal exper ience  and (2)  a 
means w i t h  which one can compare u l t r a v i o l e t  w i t h  v i s i b l e  
sources .  I n  t h e  first s e c t i o n  the  luminance ( b r i g h t n e s s )  
of each s o u r c e  is given i n  cd c m  . I n  t h e  second s e c t i o n  
of t h e  table,  there is l i s t e d  a g a i n  a wide  v a r i e t y  of 
celest ia l  W sources a l l  of which have been measured from 
above the  ozonosphere. Here t h e  r a d i a n c e  ( b r i g h t n e s s )  is 
g iven  i n  ergs c m  sec-’ ster-l .  F i n a l l y ,  i n  t h e  t h i r d  
s e c t i o n ,  some of these sources  are l i s t e d  r e l a t i v e l y  on 
a br igh tness  scale. The u l t r a v i o l e t  f l u x e s  have been 
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With f a s t  c o l l e c t i o n  o p t i c s  and h ighe r  cathode 
e f f i c i e n c i e s ,  u l t r a v i o l e t  sou rces  of r ad iance  a s  l o w  a s  
e r g s  cm-2sec-1ster-1 should  be v i s u a l l y  d e t e c t a b l e  
w i t h  on ly  s i n g l e  s t a g e  image conve r t e r s .  Th i s  r ad iance  
l e v e l  inc ludes  most of t h e  sou rces  l i s t e d  i n  Table  I. 
L e s s  b r i g h t  sou rces  w i l l  r e q u i r e  f u r t h e r  a m p l i f i c a t i o n  
s t a g e s  t o  be d e t e c t a b l e .  High a m p l i f i c a t i o n  of ve ry  
dim sources  w i l l  not  n e c e s s a r i l y  i n c r e a s e  t h e  informat ion  
con ten t  f o r  v i s u a l  d e t e c t i o n  s i n c e  photon s t a t i s t i c a l  
f l u c t u a t i o n s  a t  l o w  f l u x  l e v e l s  l i m i t  image r e c o g n i t i o n  
I n t e n s i f i c a t i o n  of moderate b r i g h t n e s s  sou rces  w i l l ,  
of course ,  make v i s u a l  obse rva t ion  more comfortable .  
I n t e n s i f i c a t i o n  of bo th  weak and s t r o n g  sources  w i l l  
reduce exposure t i m e s  for photographic record ing .  T h i s  
l a t t e r  e f f e c t  can be an important  c o n s i d e r a t i o n  i n  rocket 
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FIGURE CAPTIONS 
Figure  1: S p e c t r a l  Response of Typica l  W Photocathodes.  
These curves are taken from r e f e r e n c e  1. The 
r e l a t i v e  response of t ype  103a-0 f i l m  is f r o m  
r e f e r e n c e  5. 
F i g u r e  2: W Opt i ca l  Mater ia l s .  
Transmit tance curves ,  uncorrec ted  f o r  s u r f a c e  
r e f l e c t i o n s  , are shown f o r  materials of t h i c k n e s s  : 
mm; 7 ,  8 ,  and 9 a r e  each about 2 mm. 
1-1.2 IIUII; 2-1 mm; 3-1 mm; 4-1 mm; 5-2.5 mm; 6-3 
F igu re  3: S p e c t r a l l y  S e l e c t i v e  W Photodetec tors .  
These curves  are produced by combining some of 
t h e  cathodes and f i l t e rs  from F igures  1 and 2. 
F igu re  4:  W Imaging Systems. 
Various p o s s i b l e  o p t i c a l  s y s t e m s  f o r  use  w i t h  an  
image conve r t e r  are shown. E i t h e r  v i s u a l  or photo- 
graphic  observa t ion  are r ep resen ted  i n  t h e  t o p  
p i c t u r e .  
An RCA 7404 image tube (Cs-Sb ca thode ,  vycor 
window) is on t h e  l e f t  and an ITT W Tube (Cs-Te 
ca thode ,  s apph i re  window) is on t h e  r i g h t .  The 
W tube  has a s l i g h t l y  smaller cathode area. 
A. The spectrum of t h e  Hg lamp is shown on both 
tubes .  The extreme l e f t  l i n e  is 36508, t h e  
extreme r i g h t  l i n e  is t h e  green 54618. Next t o  the 
first o rde r  green l i n e  is t h e  second order 25378 l i n e .  
Between t h e  25378 and t h e  first o rde r  36508 l i n e  
are v a r i o u s  b lue  and u l t r a v i o l e t  l i n e s .  Note t ha t  
w i t h  t h e  W tube  only t h e  25378 l i n e  and a very f a i n t  
36508 trace are recorded. The v i s i b l e  and near  
W l i n e s  do no t  appear a t  a l l .  
F igu re  5: Hg Spec t ra  With A W Image Tube. 
I 
Figure  5: B. The spectrum of a Hg lamp i n  t h e  presence  
of a s t r o n g  continuum background ( tungs t en  
lamp) are recorded on both tubes .  The visible 
image conve r t e r  spectrum is almost washed o u t  
w h i l e  t h e  W tube  spectrum is t h e  same as i n  
p a r t  A .  
Figure  6 :  W Image Tubes and Binoculars .  (See t e x t )  
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